Deregulated production of nitric oxide (NO) has been implicated in the development of certain human diseases, including cancer. We sought to assess the damaging potential of NO produced under long-term conditions through the development of a suitable model cell culture system. In this study, we report that when murine macrophage-like RAW264.7 cells were exposed continuously to bacterial lipopolysaccharide (LPS) or mouse recombinant interferon-␥ (IFN-␥) over periods of 21-23 days, they continued to grow, but with doubling times 2 to 4 times, respectively, longer than the doubling time of unstimulated cells. Stimulated cells produced NO at rates of 30 to 70 nmol per million cells per day throughout the stimulation period. Within 24 hr after removal of stimulant, cells resumed exponential growth. Simultaneous exposure to LPS and IFN-␥ resulted in decreased cell number, which persisted for 2 days after removal of the stimulants. Exponential growth was attained only after an additional 4 days. Addition of N-methyl-L-arginine (NMA), an NO synthase inhibitor, to the medium inhibited NO production by 90% of all stimulated cells, partially reduced doubling time of cells stimulated with LPS or IFN-␥, and partially increased viability and growth rates in those exposed to both LPS and IFN-␥. However, when incubated with LPS and IFN-␥ at low densities both in the presence and in the absence of NMA, cells grew at a rate slower than that of unstimulated cells, with no cell death, and they resumed exponential growth 24 hr after removal of stimulants. Results from cell density experiments suggest that macrophages are protected from intracellularly generated NO; much of the NO damaging activity occurred outside of the producer cells. Collectively, results presented in this study suggest that the type of cellular toxicity observed in macrophages is markedly inf luenced by rate of exposure to NO: at low rates of exposure, cells exhibit slower growth; at higher rates, cells begin to die; at even higher rates, cells undergo growth arrest or die. The ability of RAW264.7 cells to produce NO over many cell generations makes the cell line a useful system for the study of other aspects of cellular damage, including genotoxicity, resulting from exposure to NO under long-term conditions.
Macrophages play a prominent role in host defense by inducing cellular damage in infectious agents and tumors (1, 2) . One mechanism macrophages use to exert their cytotoxic and cytostatic effects on target cells is by releasing nitric oxide (NO) (reviewed in refs. [3] [4] [5] . NO-mediated toxicity in target cells includes growth arrest through the formation of an iron-nitrosyl complex in mitochondrial enzymes, thereby inhibiting cellular respiration (6) , energy depletion through deregulation of ATP metabolism (7) , and programmed cell death (8) (9) (10) . NO is a double-edged sword; excessive production of NO by macrophages is potentially toxic (11) . Indeed, overproduction of NO has been implicated as a pathological factor in several forms of chronic human diseases, including arthritis (12) , neurotoxicity (13) , and cancer (14, 15) .
Our laboratory has been interested in understanding the potential role of NO and reactive oxygen species in the development of chronic inflammation-associated cancer. Recent studies using an animal model system showed that NO produced in vivo was genotoxic in target tissues, and thus provide evidence in support of its involvement in the carcinogenic process (16) . Since virtually all of the observations concerning the pathological role of overproduced NO have been made using animal models, the underlying mechanisms are poorly understood. Thus, it is essential to develop alternative experimental systems through which cellular damage induced by prolonged production of NO by macrophages can be studied in a well defined manner.
It is noteworthy that nearly all types of NO-mediated toxicity in target cells also occur in the producer macrophage cells (17) (18) (19) (20) (21) (22) . Thus, responses in macrophages and cocultured target cells as a result of NO production are related. For this reason, we examined the possibility of using macrophages as a model system for the study of NO-mediated cellular damage under long-term conditions. A number of macrophage cell lines have been found to produce NO at levels comparable to primary cells when appropriately stimulated (23) . Commonly used stimuli for NO production by macrophages include the cytokine interferon-␥ (IFN-␥) and bacterial lipopolysaccharide (LPS) (4). Among these cell lines, the mouse RAW264.7 cells have been shown to produce different levels of NO when stimulated with different combinations of IFN-␥ and LPS (23, 24) . Here we report that NO production rates and cell density can considerably inf luence the viability and growth of RAW264.7 cells. The results suggest that cellular responses in target cells, including macrophages, are largely governed by the rate at which cells are exposed to NO.
MATERIALS AND METHODS

Stimulation of RAW264.7 Cells with IFN-␥ and͞or LPS.
Cells of the mouse macrophage-like RAW264.7 line were obtained from the American Type Culture Collection (23) and then cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated calf serum, 100 units͞ml penicillin, 100 g͞ml streptomycin, and 1 mM L-glutamine (BioWhittaker). In experiments designed to compare cell growth under different stimulation conditions, 6 ϫ 10 6 cells were cultured in 100-mm tissue culture plates (Falcon, polystyrene) in 10 ml of the above medium, to which was added one of the following agents to stimulate NO production: (i) 20 ng͞ml Escherichia coli LPS (serotype O127:B8, Sigma); (ii) 20 units͞ml recombinant mouse IFN-␥ (Genzyme) plus 10 units͞ml polymyxin B (PMB) sulfate (Sigma); or (iii) LPS plus IFN-␥ without PMB. The composition of ii was designed to investigate the stimulatory effects of IFN-␥ alone. PMB was added to inactivate any LPS that may have been an inadvertent contaminant of the IFN-␥ preparations used. In parallel cultures, the NO synthase inhibitor N-monomethyl-L-arginine monoacetate (NMA) (Chem-Biochem Research, Salt Lake City, UT) was added to the medium to a concentration of 2 mM, to inhibit inducible NO synthase (iNOS) and thus identify effects attributable to NO. Every 24 hr, total NO production (nitrate plus nitrite content) was determined by analysis of medium by a previously described automated procedure (25) . Cells were trypsinized and counted in a hemocytometer, then 6 ϫ 10 6 cells from each plate were replated in fresh medium containing the appropriate agent(s). Cultures stimulated with agent iii generally contained less than 6 ϫ 10 6 viable cells after the first day, in which case all surviving cells were replated. At the end of 3 days of continuous stimulation, cells were transferred to 10 ml of fresh medium containing 2 mM NMA (to block residual endogenous NO production) and incubated until an exponential growth rate was attained. During this recovery period, cell number was monitored and periodically adjusted to a density of 6 ϫ 10 6 cells per plate to permit maximal growth. In experiments involving repeated stimulation, 6 ϫ 10 6 cells were cultured in the presence of the agents for 3 days, then allowed to recover and resume exponential growth after their removal, as described above. This process was repeated twice. During each round of stimulation, total nitrite͞nitrate level in the medium was measured.
In experiments involving continuous stimulation, 2 ϫ 10 7 cells were incubated for 21-23 days in a 150-mm plate (Falcon, polystyrene) containing 35 ml of medium supplemented with either 100 ng͞ml LPS or 20 units͞ml IFN-␥ plus 10 units͞ml PMB, and also in the presence or absence of 2 mM NMA under both conditions. Nitrite concentration in the medium was estimated daily by using the Griess reagent (25) , and medium was replaced when the concentration exceeded approximately 60 M. Cell numbers were also determined periodically, and cell density was maintained at 1-2 ϫ 10 7 cells per plate.
Stimulation of NO Production at Different Cell Densities: Effects on Growth and Viability. One of our ultimate objectives is to study genotoxic responses in target cells cocultivated with NO-producing macrophages. For this purpose, hygromycin B-resistant RAW264.7 cells were established as follows. Cells were transfected with the P7hygro-9 vector containing the hygromycin resistance gene (a gift of Deborah Moshinsky, Massachusetts Institute of Technology) in a BTX (San Diego) electroporator, using parameters recommended by the manufacturer. Two days after electroporation, cells were replated in medium containing 500 g͞ml hygromycin B; after 2 weeks, surviving cells were maintained in medium containing 100 g͞ml hygromycin B. Integration of the hygromycin Bresistance gene had no detectable effect on doubling time or NO production in response to stimulation by IFN-␥ and͞or LPS (data not shown).
Hygromycin-resistant RAW264.7 cells were used in studies to evaluate the influence of cell density on growth and viability of cells stimulated with LPS and IFN-␥. To assess effects on cell growth, a total of 4 ϫ 10 7 cells was divided into two or ten 150-mm plates, resulting in cell densities of 2 ϫ 10 7 per plate and 4 ϫ 10 6 per plate, respectively. Fresh medium was added to each plate to a final volume of 25 ml. Cells were stimulated with 20 units͞ml IFN-␥ plus 20 ng͞ml LPS in the absence or presence of 2 mM NMA, as described above. After 48 hr of stimulation, the medium was replaced with medium containing only 2 mM NMA, and the cells were allowed to recover and resume growth. Unstimulated cells were cultured in parallel as negative controls.
To evaluate effects of cell density on viability, a total of 2 ϫ 10 7 , 4 ϫ 10 6 , 8 ϫ 10 5 , or 2 ϫ 10 5 cells in 25 ml of medium was inoculated into one 150-mm plate, then stimulated with 20 units͞ml IFN-␥ plus 20 ng͞ml LPS, in the absence or presence of 2 mM NMA. Unstimulated cells at each density were used as negative controls. After stimulation for 24 hr, cells were resuspended to dissociate siblings, and 24 hr later were trypsinized, pelleted, resuspended, and counted after staining with trypan blue to enumerate viable cells. Total nitrite plus nitrate content in medium from each density was determined as described above, except that medium from the two lowest densities was concentrated 10-fold prior to analysis.
RESULTS
Growth Patterns of RAW264.7 Cells Stimulated with IFN-␥ and͞or LPS. It has been commonly held that macrophages terminally differentiate and do not proliferate after activation (26) . However, our early experiments indicated that under certain conditions RAW264.7 cells could survive stimulation by IFN-␥ and LPS and eventually attain a growth rate equal to that of untreated cells. To characterize this response in further detail, cells were stimulated with LPS, IFN-␥ plus PMB, or LPS and IFN-␥. After 3 days of stimulation, cells were transferred to medium lacking stimulating agents, but containing 2 mM NMA, added to block residual NO production. Results are summarized in Fig. 1 . During the 3-day stimulation period, cells exposed to either LPS or IFN-␥ alone grew more slowly than those cultured in the absence of either agent. After their removal, exponential growth was attained within 24 hr. In contrast, when cells were exposed to both agents simultaneously, cell numbers decreased not only during exposure, but also for 2 days after their removal. Exponential growth was attained only after an additional 4 days.
To determine the extent to which these effects were associated specifically with NO production, cells were cultured in the presence of NMA, an NO synthase inhibitor, in addition to the stimulating agent(s). As shown in Fig. 1 , NMA increased the growth rates of all stimulated cells, the effect being most marked on those cultured in the presence of both LPS and IFN-␥. Cell numbers increased by 40-60% throughout the stimulation period, and exponential growth was restored within 48 hr after removal of the agents. NMA had no effect on growth of unstimulated cells. These results confirmed that RAW264.7 cells stimulated by LPS or IFN-␥ were capable of FIG. 1. Growth of RAW264.7 cells during and after three-day stimulation. Cells were incubated with no stimulus, LPS, IFN-␥ and PMB, or LPS and IFN-␥, in the absence or presence of NMA. Aftercontinued growth, and also indicated that multiple factors, including NO, contributed to cytostasis and cytotoxicity in stimulated cells.
Because macrophages are known to be heterogeneous with respect to responsiveness to various stimuli (26) , surviving cells in the above experiments could have included subpopulations insensitive to stimulation conditions used. We assessed this possibility by measurement of NO production after repeated stimulation. As shown in Fig. 2 , cells produced NO in increasing amounts with each successive round of repeated stimulation, clearly demonstrating that cells surviving stimulation by LPS and IFN-␥ were fully capable of NO production and were not representatives of a nonresponsive subpopulation.
Growth and NO Production by RAW264.7 Cells During Protracted Continuous Stimulation. To extend the above observations, we subjected cells to long-term continuous stimulation by either LPS or IFN-␥, with the results summarized in Fig. 3 . Cells stimulated with LPS for 21 days grew with an estimated doubling time of 35 hr and produced NO at a rate of 30 nmol per 10 6 cells per day. By comparison, the doubling time of untreated cells was 18-22 hr. Inclusion of 2 mM NMA in the medium blocked NO production by 90% but only slightly shortened the doubling time, to 30 hr. Cells stimulated with IFN-␥ plus PMB for 23 days produced NO at a rate of 70 nmol per 10 6 cells per day, which was also effectively blocked by NMA. In this instance, NMA had a more pronounced effect on growth rate, in that cells grew with a doubling time of approximately 35 hr in its presence and 70 hr in its absence.
Collectively, these results demonstrate that RAW264.7 cells stimulated continuously with LPS or IFN-␥ are capable of growth and NO production over many cell generations. Additionally, it is of interest that cells cultured in the presence of IFN-␥ continued to divide and produce NO even after 6 weeks of stimulation, whereas NO production by cells stimulated with LPS decreased gradually after 3 weeks (data not shown).
Cell Density Effects on Growth and Viability in Macrophages Stimulated to Produce NO. Our early experiments also indicated that density at which RAW264.7 cells were stimulated with IFN-␥ and LPS had pronounced effects on the time required for resumption of growth after removal of stimulants from the medium. To further characterize this phenomenon, cells were stimulated at two different densities and their growth during and after stimulation was examined. As shown in Fig. 4 , approximately 7 days were required for cells stimulated for 48 hr with LPS plus IFN-␥ at a density of 2 ϫ 10 7 cells
FIG. 2. NO production by repeatedly stimulated RAW264.7 cells. Cells were stimulated with IFN-␥ and LPS for 3 days with daily renewal of medium. NO production (total nitrite and nitrate) was measured at the times indicated. Following stimulation, cells were allowed to resume exponential growth. The protocol was repeated once and twice for second and third rounds, respectively. Each point is the mean Ϯ SD of triplicate experiments (no SD exceeded 0.1 mol per sample). 
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Proc. Natl. Acad. Sci. USA 94 (1997) 11877 per plate to resume exponential growth. This was achieved within only 2 days when NO production was inhibited by NMA. When cells were stimulated at a lower density, 4 ϫ 10 6 cells per plate, cells resumed exponential growth within 2 days in both presence and absence of NMA. Thus, these results indicate that NO was cytostatic and that its cytostatic effect was cell-density dependent.
Although surviving cells resumed exponential growth at different rates, the numbers of viable cells remained the same at the two densities studied (Fig. 4) . To examine whether density also affects viability, we stimulated cells at lower densities. Results shown in Fig. 5 demonstrate that viability was also affected by cell density during stimulation. At the two highest densities examined, viability of cells producing NO was reduced to approximately 50% of that of cells in which NO production was blocked by NMA, which was in agreement with results shown in Fig. 4 . As cell density decreased, viability increased, to the extent that it was the same in the two lowest densities studied regardless of NMA. Furthermore, the numbers of cells stimulated at the two lowest densities increased by approximately 2-fold during the 48 hr of incubation with IFN-␥ and LPS; these rates of growth were approximately half that of unstimulated cells. Total NO production was 120, 146, and 136 nmol per 10 6 cells at densities of 2 ϫ 10 7 , 4 ϫ 10 6 , and 8 ϫ 10 5 cells per plate, respectively; addition of 2 mM NMA blocked NO production by 90% in all cases (data not shown). NO production in cells at the density of 2 ϫ 10 5 per plate was below the limit of detection of the analytical procedure used. However, gene expression analysis showed that both iNOS and interleukin 1␤ mRNA could be detected in stimulated cells at this density (data not shown). Thus, NO production did not affect growth and viability of cells stimulated with IFN-␥ and LPS at the two lowest densities, suggesting that macrophages as NO producer cells are protected from damage induced by intracellularly generated NO; much of the damaging activity of NO at higher densities could have been induced by NO from neighboring macrophage cells-i.e., extracellular NO.
DISCUSSION
Under the conditions used in these experiments, RAW264.7 macrophages cultured in the presence of either LPS or IFN-␥ alone continued to grow, but at a rate somewhat slower than that of unstimulated cells. Within 24 hr after removal of stimulant, they resumed exponential growth. Simultaneous exposure to LPS and IFN-␥ resulted in a decrease in cell number that persisted for 2 days after removal of the stimulants. Exponential growth was attained only after an additional 4 days. Blocking NO production with NMA partially restored growth rates of all stimulated cells, the effect being most marked on those exposed to both LPS and IFN-␥ (Fig. 1) . Thus, NO production in macrophages stimulated with IFN-␥ and LPS was associated with both cytotoxicity and cytostasis. We ruled out the possibility that the surviving cells may have represented an unresponsive subpopulation by demonstrating that they produced NO when restimulated with IFN-␥ and LPS (Fig. 2) . Indeed, subsequent experiments showed that the capacity for NO production was undiminished in cells subjected to up to 7 successive rounds of stimulation (data not shown). However, cells surviving 9-10 rounds of repeated stimulation made less NO and at the same time had greater viability after treatment with IFN-␥ and LPS. A subset of resistant cells cloned from this population retained the capacity for NO production when cultured in the presence of IFN-␥ and LPS (unpublished results), in accord with recent findings of others (27, 28) . When cultured continuously in the presence of LPS or IFN-␥ over periods of 21-23 days, macrophages continued to grow, but with doubling times 2 to 4 times, respectively, longer than that of unstimulated cells (Fig. 3) . Stimulated cells produced NO at rates of 30-70 nmol per million cells per day throughout the stimulation period. Addition of NMA to the medium inhibited NO production by 90%, but it only partially reduced doubling times. Under these experimental conditions, no nonviable cells were detected by trypan blue staining, and all stimulated cells typically resumed exponential growth within 24 hr after removal of stimulant. Thus, NO production in macrophages stimulated with IFN-␥ or LPS alone appeared to be growth inhibitory but not cytotoxic or cytostatic. Density at which cells were cultured during stimulation with LPS and IFN-␥ markedly influenced their growth and viability. Cells plated at high density required approximately 4 times longer to resume exponential growth than those at low density (Fig. 4) . Viability of cells plated at high density was reduced by approximately 40% compared with those at low density. The efficacy of NMA in preventing these effects, through inhibition of NO production, was similarly related to cell density (Fig. 5) . Thus, at high density, NO production was both cytotoxic and cytostatic; as density decreased, NO production was cytotoxic but not cytostatic; as density further decreased, NO-mediated toxicity (cell death, cytostasis, and growth inhibition) disappeared. Similar density effects were also observed in cells stimulated with IFN-␥ alone, in that at a higher density cytotoxicity was evident (data not shown). Collectively, these results indicate that NO-mediated damage (cell death, cytostasis, and growth inhibition) in macrophages was greatly influenced by the dose rate to which cells were exposed. At low rates of exposure, NO was growth inhibitory; at higher rates, it was cytotoxic; at even higher rates, it was both cytotoxic and cytostatic.
Mechanisms through which NO induces damage in exposed cells are presently not well characterized, but several pathways have been identified. NO is a relatively lipophilic, freely diffusible molecule readily released into the extracellular medium when produced by a macrophage cell (29) . NO reacts with diffusion-limited kinetics with superoxide anion, generated concurrently by the same cell or produced by neighboring macrophages (30, 31) . The product, peroxynitrite, is highly reactive and cytotoxic (ref. 30 produced by cells can also undergo autoxidation to form the nitrosating agent N 2 O 3 , which can cause cell damage through its ability to induce deamination in cellular proteins and DNA (32) . Small amounts of NO may diffuse through several cell diameters and eventually react with mitochondrial proteins in target cells, leading to cytostasis (29, 33) . NO may also react with superoxide or hydrogen peroxide formed inside neighboring cells, thereby causing cell toxicity (11) . Examination of NO-mediated damage under different levels of reactive oxygen species and oxygen tension, together with an understanding of the effects of NO exposure rate on macrophage metabolism, including lipid oxidation, mitochondrial enzyme activities, and stress protein expression, will help delineate the molecular basis through which NO causes cytostasis, death, or growth inhibition in exposed cells.
Inhibition of NO production by NMA did not restore the viability and growth of stimulated macrophages to levels comparable to those of unstimulated cells, suggesting the existence of other cytotoxic, cytostatic, and growth-inhibitory factors. As already noted above, RAW264.7 cells and other macrophages produce superoxide and hydrogen peroxide when stimulated with IFN-␥ and LPS (31, 34, 35) ; macrophages defective in superoxide production survived stimulation by LPS (36) . Therefore, it is possible that these reactive oxygen species themselves contribute to the cellular damage observed in our experiments. However, the extent of their contribution can be determined only by further study.
Frequent renewal of the culture medium increased cell viability, perhaps through maintenance of optimal medium pH and buffer capacity, as demonstrated by the ability of increased levels of sodium bicarbonate or Hepes in medium to increase cell viability (unpublished results). Several previous studies have shown that frequent renewal of macrophage culture medium results in production of higher amounts of NO per unit time and over longer periods of time (37) (38) (39) . These effects have been attributed to one or more of the following: reexpression of iNOS mRNA (38) ; repletion of L-arginine; and prevention of post-translational inactivation of iNOS protein (39) . Our results suggest that increased viability may be another contributing factor.
We observed that IFN-␥ in the absence of LPS stimulated NO production by RAW264.7 cells, a finding that has been controversial. Others have reported that iNOS mRNA and nitrite͞nitrate could be detected in mouse peritoneal macrophages incubated with IFN-␥ alone (34, 40) . However, other investigators found that RAW264.7 cells incubated with IFN-␥ alone did not show iNOS gene expression or NO production (24) . We also found that IFN-␥ plus PMB was able to induce NO production in RAW264.7 cells, but the complete absence of LPS was not formally investigated. Thus, the possibility that our findings may have been caused by synergism between IFN-␥ and trace levels of contaminating LPS (or other unidentified reagent contaminants) not inhibited by PMB cannot be ruled out.
As noted above, macrophages grown at low density during stimulation of NO production are capable of continued growth without evidence of cytotoxicity or cytostasis. Mechanisms underlying this capability of macrophages to protect themselves from damage by intracellularly generated NO have not been identified. Possible contributors include intracellular detoxifying agents such as glutathione (41) and͞or heat shock protein (27) . Alternatively, NO may be synthesized and delivered to the extracellular space in vesicle form, although efforts to identify membrane-bound NO synthase activity have yielded inconclusive results (42, 43) .
Cultured macrophages provide a convenient and physiologically relevant model system for studying NO-mediated cellular damage, and indeed they develop a pattern of metabolic inhibition similar to that in tumor cells cocultured with them (8) . However, results of such experiments must be interpreted cautiously, since no effort was made to differentiate the relative contributions of intracellular NO vs. extracellular NO (21, 44) . In an in vivo setting, our results would imply that small numbers of NO-producing macrophages intermingled with other cell types in a tissue might be analogous to cells cultured at very low density, in that they would be spared from NO-mediated cytotoxicity. This suggestion is supported by results of several in vivo studies (29) , including one from our laboratory, which showed that cells undergoing apoptosis were localized near macrophages expressing iNOS protein (10) .
This study provides evidence suggesting that the nature of NO-mediated cellular damage in macrophages is governed by the rate at which cells are exposed to NO. It remains to be determined whether similar responses can be observed in other target cells when they are cocultured with NO-producing macrophages. Nonetheless, the establishment of conditions under which RAW264.7 cells can be stimulated to produce NO over prolonged periods makes this a useful model system for the study of cellular damage, including genotoxicity, in mammalian cells after long-term exposure to NO.
